Background: Protein Kinase C-α (PKC-α) and epidermal growth factor receptor (EGFR) are both involved in diabetic kidney disease; however, the connection between these two proteins during high glucose-induced podocyte injury remains uncertain. Methods: Diabetes was induced in SD rats by streptozotocin (STZ). Fourteen days later, the kidney cortex was removed and subjected to plasma membrane isolation and lipid raft fractionation. In vitro study human podocyte cell line was differentiated and subjected to various treatments. The levels of membranous protein and endocytosis were assessed by biotinylation and sodium 2-mercaptoethane sulfonate (MesNa) treatment. Gö6976 and PYR-41 were used as inhibitors of PKC-α and ubiquitin activating E1 enzyme, respectively. Results: In diabetic rats, the abundance of PKC-α in the membranous fraction and the lipid raft domain is elevated, whereas the EGFR level is reduced. Consistently, in vitro high glucose treated podocytes, membranous EGFR is downregulated with increased PKC-α. Furthermore, the ubiquitination and endocytosis of EGFR are enhanced accompanied by extracellular signal-regulated kinase (ERK) signaling activation and podocyte damage during hyperglycemia. However, these processes can be ameliorated by inhibition of either PKC-α or ubiquitin activating E1 enzyme. Conclusion: During hyperglycemia, PKC-α mediates podocytic EGFR ubiquitination, endocytosis from cell surface and the subsequent ERK activation, which contributes to podocyte injury.
Introduction
The global epidemic of diabetes has resulted in a continuously increasing prevalence of diabetic kidney disease (DKD) in recent decades. Currently, DKD is the leading cause of endstage renal disease worldwide. Effective treatment options are needed to reduce the social and economic burden of DKD, and a detailed understanding of the pathogenesis of DKD is critical for developing successful management strategies.
The protein kinase C (PKC) superfamily is involved in many physiological processes and signaling events and comprises three subfamilies: conventional PKCs (PKC-α, β, γ), novel PKCs and atypical PKCs. In diabetes, the PKC superfamily is extensively activated by various pathogenic stimuli [1, 2] . Each isoform of the PKC subfamilies has a specific function or activation mechanism, and the different isoforms exhibit specific, non-redundant biological functions that cannot be compensated for by other isoforms [3] . It is well documented that PKC-α is the primary PKC superfamily isoform involved in DKD, while PKC-β is primarily involved in immune-mediated glomerulonephritis, including lupus nephritis and membranous proliferative glomerulonephritis [4] . PKC-α knockout mice show reduced albuminuria and attenuated nephrin loss in a streptozotocin (STZ)-induced model of diabetes. Conversely, the genetic deletion of PKC-β in mice does not preserve nephrin expression in diabetic mice, although it does attenuate extracellular matrix (ECM) accumulation in the mesangial region [5] [6] [7] . Thus, PKC-α is the dominant isoform of PKC-associated podocyte injury in diabetes mellitus.
Epidermal growth factor receptor (EGFR) is a membrane protein that belongs to the ErbB family of receptor tyrosine kinases. After activation, EGFR is internalized from the cell surface and stimulates diverse signaling cascades, leading to a variety of pathophysiological processes, such as cell lineage and fate determination, proliferation, and migration [8] . EGFR has been well studied in the field of cancer research. In the kidney, EGFR signaling contributes to podocyte transdifferentiation and conversion to a proliferative and migratory phenotype during rapidly progressive crescentic glomerulonephritis in mice and humans [9, 10] ; however, it is not indispensible for effacement of podocyte foot processes and urinary protein loss in lipopolysaccharide-induced proteinuria [10] . These findings show that EGFR exerts distinct functions in different disorders that are closely related to the underlying etiology and pathogenesis of renal disorders. Of note, as a membrane protein, the trafficking of EGFR determines the subsequent signaling transduction in a stimulus and cell contextdependent fashion [10] [11] [12] .
In the past few decades, several studies in the field of tumorigenesis have illustrated that PKC-α regulates EGFR activation. Nevertheless, the conclusions are controversial. In a mouse model of multiple intestinal neoplasias and in human squamous carcinoma and colon carcinoma cell lines, PKC-α has been shown to abrogate EGFR signal transduction [13] [14] [15] , while in a human prostate cancer cell line, PKC-α stimulates EGFR signaling [16] . Thus, we are interested in exploring how PKC-α modulates EGFR trafficking and signaling in diabetes, especially in podocytes, a critical component of DKD. The experiments outlined in the current study were designed specifically to explore the association between PKC-α and EGFR trafficking and signal transduction in podocytes in hyperglycemia. We found that high glucose (HG) induces the movement of PKC-α to the cell surface, which contributes to the subsequent EGFR ubiquitination and internalization, extracellular signal-regulated kinase (ERK) activation and, ultimately, podocyte injury. Blocking the activity of PKC-α or ubiquitinactivating enzyme eventually attenuates EGFR internalization, ERK phosphorylation and podocyte damage.
Materials and Methods

Animal model
Animal experiments were carried out in accordance with the Guidelines for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH) and were approved by the Animal Care and Use Committee (ACUC) of Tongji Medical College, Huazhong University of Science and Technology. Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) weighing 125-200 g were given free access to clean water and standard rat chow. Rats were injected with STZ (Sigma, St. Louis, MO; 62.5 mg/kg body wt prepared freshly in 0.1 M citrate buffer, pH 4.0) or a vehicle control via a tail vein to establish the STZ-induced type 1 diabetic rat model, as previously reported. Hyperglycemia was verified 2 days after the injection using a LifeScan Ultra II glucometer. Fourteen days after the injection, the kidneys were removed; the cortices were isolated, homogenized with glass homogenizers in a modified radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 10 mM Tris·HCl (pH 7.5), 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, and protease inhibitors) and centrifuged at 8,000 g for 12 min. The protein concentration of the supernatant fractions was measured using BCA Protein Assay kits (Pierce). The lysates were processed for the following experiments.
Plasma membrane and lipid raft fractionation
Plasma membranes (PMs) from tissue lysates and podocytes were prepared via5-step sucrosegradient (2.0, 1.6, 1.4, 1.2, and 0.8 M) ultracentrifugation, as previously described [17] . The fraction at the interface of the 1.6 and 1.4 M densities was collected as the PM fraction.
The lipid raft microdomain was isolated with a 5-40% discontinuous sucrose gradient, as previously described [17] . Briefly, rat cortex suspensions were prepared and lysed in ice-cold 0.5% Brij 96-TNEV buffer for 30 min on ice. Five hundred microliters of postnuclear supernatant were mixed with an equal volume of 80% sucrose in TNEV buffer and transferred to 13x51 mm Beckman centrifuge tubes. Three milliliters of 35% sucrose in TNEV were layered carefully on top of the mixture followed by another 1 ml layer of 5% sucrose. The sucrose gradient was centrifuged in a SW 50.1 rotor (Beckman, Brea, CA, USA) at 34,000 rpm (110,000 g) at 4°C for 18 h. Equal volumes of 13 fractions (approximately 400 µl) were collected from the top to the bottom of the tube and assessed via immunoblotting with the appropriate antibodies. Caveolin-1 was used as a marker for lipid rafts.
Cell culture and treatment
An immortalized human podocyte cell line was routinely cultured, as described in our previous publication [18] . After the cells reached 85% confluence at 33°C, they were shifted to 37°C for 10-14 days to allow for differentiation. Then, the cells were exposed to the different test compounds alone or in combination, as described in detail in the relevant experiments. Cells were then subjected to subcellular organelle isolation, immunoprecipitation, cell surface biotinylation, internalization and Western blot analyses. The well-accepted PKC-α inhibitor Gö6976 [19, 20] 
Cell surface biotinylation and endocytosis assays
Cell surface protein expression was evaluated using the membrane-impermeable biotinylation reagent NHS-SS-biotin, as previously described [21] . Briefly, cells were seeded on 6-well plates and cultured with 1.2 ml of NHS-SS-biotin (0.6 mg/ml in a borate buffer) in two successive 20-min incubations on ice with very gentle shaking. Each time, the reagent was freshly prepared and placed on ice. After biotinylation, each well was rinsed briefly with 2 ml of quenching solution (100 mM glycine in PBS) and then incubated with the same solution for 10 min on ice to ensure complete neutralization of uncrosslinked NHS-SS-biotin. The cells were then lysed on ice with 600 ml of lysis buffer. The cell lysates were centrifuged at 16,000 g at 4°C. Then, 30 μl of streptavidin-agarose beads were added to the supernatant, and the samples were rotated in a cold room overnight. The next day, after centrifugation at 3,000 g for 1 min, the supernatant was subject to immunoblotting to examine the cell membrane proteins.
EGFR internalization was measured via biotinylation and sodium 2-mercaptoethane sulfonate (MesNa) treatment [21] . In short, the membranous proteins on the cell surface were first biotin-labeled with a freshly prepared solution of 0.6 mg/ml EZ-Link sulfo-NHS-SS-biotin (Pierce 21331) in a borate buffer as described above. The biotin reaction was quenched for 10 min with 0.1 M lysine (Sigma). After they were washed with PBS, cells were added to pre-warmed culture medium (without or with the different treatment compounds) and incubated at 37°C for the indicated time period to allow for protein endocytosis. Control cells were kept on ice to prevent endocytosis. The non-internalized biotin was cleaved 3 times with the cell-impermeable reducing agent MesNa (50 mM MesNa, 1 mM EDTA, 0.2% BSA in 50 mM Tris (pH 8.6) for 20 min at 4°C on a rocking platform. The biotin bound to the endocytosed proteins was protected from MesNa cleavage. After they were quenched with iodoacetamide and subsequently washed in PBS, cells were solubilized in RIPA buffer. The biotinylated proteins were retrieved by streptavidin-agarose affinity precipitation, and the endocytosed EGFR was detected via Western blotting with an EGFR antibody.
Staining of F-actin
F-actin staining was performed as described previously [22, 23] . Briefly, podocytes were cultured in 24-well plates the day before treatment to assess the effect of ubiquitination on their cytoskeletal arrangement, which is basically composed of F-actin. The next day, podocytes were exposed to HG for 24 h without or with PYR-41 pretreatment. Then, the cells were fixed in 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. F-actin was stained with rhodamine-phalloidin (Invitrogen Corp., Carlsbad, CA, USA) for 15 min at room temperature. The slides were observed under a confocal laser scanning microscope at identical settings. The cells with well-organized, distinct, longitudinal F-actin fibers were recognized as undamaged and counted, and scoring was obtained from 80 podocytes on each slide in the different groups to calculate the percentage of normal cells.
Statistical analysis
The data displayed on the graphs are mean values, with error bars representing the standard error of the mean (SEM). Significant differences among multiple groups were determined using an analysis of variance (ANOVA) followed by Student-Newman-Keuls post hoc tests, and χ 2 tests were used to test the significance of the data expressed as ratios and percentages. P < 0.05 was considered to indicate statistical significance.
Results
The abundance of membranous PKC-α and EGFR in the renal cortices of STZ-induced diabetic rats
Renal cortex PMs were isolated via 5-step sucrose-gradient ultracentrifugation. The whole tissue lysates (WTLs) and PM fractions were immunoblotted with PKC-α and EGFR antibodies. In STZ-induced type 1 diabetic rats, the level of membranous PKC-α was dramatically elevated, whereas the abundance of the EGFR protein at the cell surface was markedly decreased (Fig. 1 a, b) . Furthermore, to specify the microdomain in which PKC-α and EGFR aggregated, we employed a lipid raft isolation technique. We found that in control rats, a large quantity of EGFR protein was located in the lipid raft domain, but only low levels of PKC-α were detected. In contrast, in the renal cortices of diabetic rats, a large quantity of PKC-α protein was detected in the lipid raft domain, accompanied by a rather weak EGFR signal intensity (Fig. 1c) .
The expression of membranous PKC-α and EGFR in cultured human podocytes with HG stimulation
Next, we evaluated whether HG exposure affects the quantity of membranous PKC-α and EGFR in cultured human podocytes. First, we isolated cell membranes via 5-step sucrosegradient ultracentrifugation. Then, the whole cell lysates (WCLs) and PM fractions were immunoblotted with PKC-α and EGFR antibodies. We found that the level of membranous PKC-α increased, while the abundance of membranous EGFR decreased in podocytes exposed to HG. This result is in accordance with data from in vivo studies (Fig. 2 a, b) . Moreover, using cell surface biotinylation assays to examine the levels of cell surface proteins, we reconfirmed the above findings and showed that these alterations occur in a time-dependent manner ( Fig. 2 c, d ).
HG-triggered EGFR ubiquitination is PKC-α required in human podocytes
Many studies have revealed that membranous PKC can mediate cell surface receptors, channel ubiquitination and internalization, and intracellular trafficking, which prompt us to speculate that the upregulated membranous PKC-α may initiate EGFR ubiquitination, regulating its internalization and subsequent intracellular transportation. Using coimmunoprecipitation, we evaluated the ubiquitination of EGFR in podocytes during HG exposure. As shown in Fig. 3 a and b , HG induced podocytic EGFR ubiquitination in a time-dependent manner. Interestingly, pretreatment with the PKC-α inhibitor Gö6976 dramatically diminished EGFR ubiquitination (Fig. 3 c, d ), which suggests that HG-mediated EGFR ubiquitination is PKC-α-dependent.
HG promotes EGFR endocytosis from the cell surface, which is PKC-α-and ubiquitinationdependent
EGFR is situated on the surface of membranes and can sense stimuli in a ligand-mediated or non-ligand-mediated fashion. Internalization from the cell surface and the post-endocytotic The bar graph shows the quantification of the PKC-α and EGFR signals from the control (Ctrl) and diabetic (DM) rat cortices. The relative intensity of protein expression in the Ctrl rats was set to 1 (mean±SEM, n=6, *P<0.05 vs. Ctrl). (c) Lipid raft experiment. Renal cortex suspensions from rats were prepared and lysed in TENV buffer. The lysate supernatants were loaded on a 5-40% sucrose gradient, as described in the Materials and Methods section. After 18 h of ultracentrifugation, equal quantities of the fractions were collected and used for immunoblotting with PKC-α and EGFR antibodies. Caveolin-1 was used as a marker of lipid rafts. Each analysis was performed in triplicate.
trafficking of EGFR are the core regulatory mechanisms for its activation and downstream signaling transduction. Thus, we evaluated how HG affects EGFR trafficking in podocytes and its link with post-translational ubiquitination. Utilizing cell surface biotinylation, we proved that the PKC-α inhibitor Gö6976 and the ubiquitin-activating enzyme E1 inhibitor PYR-41 can significantly reverse the decline of membranous EGFR (Fig. 4 a, b) . As we know, the downregulation of this cell surface protein may be caused by the reduced forward trafficking of cytoplasmic proteins to the membrane or their accelerated endocytosis from the cell surface. Next, we assessed the internalization of membranous EGFR. First, we labeled the cell surface proteins with NHS-SS-biotin on ice. Then, cells were shifted to 37℃ with different treatments for the indicated time points, and the unendocytosed membranous proteins were stripped away by MesNa. Therefore, the signal we detected represented the internalized membrane proteins. As shown in Fig. 4 c and d , after HG treatment, the internalization of EGFR from the cell surface increased, which was effectively halted by a PKC-α inhibitor or an E1 ubiquitin enzyme inhibitor. These results suggest that HG promotes the endocytosis of EGFR from the cell membrane and that this depends on PKC-α-mediated EGFR ubiquitination.
HG-induced ERK activation is reversed by an ubiquitin E1 inhibitor
EGFR internalization is related to ERK activation. The results presented above indicate that the ubiquitin-activating enzyme E1 inhibitor PYR-41 attenuates EGFR endocytosis induced by HG; therefore, we assessed whether PYR-41 could abolish the activation of ERK. As shown in Fig. 5 a and b , HG exposure increases ERK phosphorylation in a time-dependent manner. However, this effect was markedly suppressed by pretreatment with PYR-41 ( Fig.  5 c, d ). 
Ubiquitin E1 inhibitor attenuates HG-induced podocyte damage
Next, we examined whether blocking the ubiquitination process could prevent podocyte injury during HG exposure. Desmin is a cytoskeletal protein and a marker of podocyte dedifferentiation and damage [24] . As seen in Fig. 6 a-d , the increase in desmin levels under HG stimulation was attenuated by PYR-41 pretreatment. In addition, the blocking of ubiquitination by PYR-41 rescued cells from the HG-induced rearrangement and loss of F-actin, which is an indispensable component for maintaining the specific structure and function of podocytes (Fig. 6 e, f) .
Discussion
This study is the first to report that in diabetic rats, renal PKC-α accumulates on the cell surface and in the lipid raft microdomain and that this accumulation is accompanied by decreased levels of membranous EGFR. Moreover, in HG-treated podocytes, PKC-α aggregates in the membrane fraction and mediates EGFR ubiquitination, which is responsible for membranous EGFR internalization and ERK activation, leading to podocyte damage.
DKD has become one of the most challenging global health issues. Thus, effective therapeutic strategies that target its underlying pathogenesis are urgently required. The characteristic histopathological changes associated with DKD include a reduced number of podocytes in the early stage of the disease (even earlier than the manifestation of albuminuria) and glomerulosclerosis in the advanced stage. Podocytes are terminally differentiated cells that are anchored to the outside of the glomerular capillaries, and they normally prevent the Fig. 3 . PKC-α contributes to HG-triggered EGFR ubiquitination in podocytes (a) HG induces EGFR ubiquitination in human podocytes in a time-dependent manner. Human podocytes were exposed to an osmotic control (Ctrl) or 30 mmol/L of glucose (HG) for the indicated time points. Ubiquitinated EGFR was examined via EGFR immunoprecipitation followed by immunoblotting with an ubiquitin antibody. (b) The bands were quantified. The level of ubiquitinated EGFR was normalized to the immunoprecipitated EGFR. The relative density of the Ctrl group was set to 1 (n=4, *P <0.05 vs. Ctrl; **P<0.01 vs. Ctrl). (c) A PKC-α inhibitor reduces EGFR ubiquitination in podocytes treated with HG. Human podocytes were preincubated with or without 10 µM Gö6976 for 10 min and were then subjected to HG stimulation for the indicated time periods. Ubiquitinated EGFR was examined as described above. (d) The normalized level of ubiquitinated EGFR was quantified. The relative intensity of Ctrl group without the Gö6976 treatment was set to 1 (n=4, **P<0.01 vs. Gö6976 (-); # P >0.05 vs. Gö6976 (-)). The bands were quantified, and the relative density of the Ctrl group was set to 1 (n=5, *P <0.05 vs. Ctrl; **P<0.01 vs. Ctrl). (c) Human podocytes were treated with or without HG for 24 h alone (Veh) or together with a 10 µM PYR-41 pretreatment for 30 min. Whole cell lysates were then probed for p-ERK. (d) The bands were quantified, and the relative density of the Ctrl group was set to 1 (n=5, *P <0.05 vs. Ctrl; # P <0.05 vs. Veh).
1 (n=4, *P <0.05 vs. Ctrl; # P < 0.05 vs. HG+Veh). (c) EGFR internalization assay. Podocytes were first biotinylated and then warmed to 37°C under different treatment conditions. The non-internalized biotin on the cell surface was stripped away with sodium 2-mercaptoethane sulfonate (MesNa). The cells were lysed in RIPA buffer, and the whole cell lysates (WCLs) were used for Western blotting with EGFR and actin antibodies. Internalized proteins were recovered using streptavidin beads and were processed for immunoblotting with an EGFR antibody. (d) The bands were quantified. The internalized EGFR was normalized to the EGFR level in the WCL. The relative density of the Ctrl group was set to 1 (n=3, *P <0.05 vs. Ctrl; # P <0.05 vs. HG+Veh).
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leakage of proteins into Bowman's capsules. It is well established that structural alterations and/or a depletion of podocytes are the core events and predictors of the progression of DKD [25] [26] [27] . Therefore, in this report, we addressed the potential pathogenesis of podocyte impairment during hyperglycemia. During hyperglycemia, diacylglycerol is chronically upregulated, leading to sustained PKC activation, which contributes to the progression of DKD in multiple ways [26] . These effects include increased levels of prostaglandin E2 and nitric oxide, resulting in glomerular hyperfiltration [28, 29] ; activated VEGF signaling, accelerating the development of microalbuminuria [5, 30] ; and upregulated CTGF and TGF-levels, leading to the subsequent overproduction of fibronectin and type IV collagen, which contributes to glomerular basement membrane (GBM) thickening and ECM deposition [30] .
The PKC protein family is divided into at least 12 subtypes, and PKC-α is believed to be the most critical in relation to DKD. However, evidence for the PKC-α-related impairment of podocytes, the key cell type involved in DKD, is rather limited. Only a few studies, most from the same group, have shown that podocytic PKC-α mediates nephrin and TGF-β receptor I endocytosis, ultimately leading to podocyte injury [31] [32] [33] . Further exploration of the mechanisms of PKC-α-related podocyte loss during hyperglycemia is important for the development of novel and potent therapeutic targets. It is well recognized that PKC-α regulates EGFR signaling during malignant cell proliferation, and EGFR is ubiquitously expressed in various cells of the body. In the kidney, it is present in both tubule and glomerular cells, including podocytes [34] [35] [36] . Furthermore, EGFR has been verified to participate in crescentic nephritis, obstructive nephropathy, acute kidney injury, and renal fibrosis, as well as DKD [10, [37] [38] [39] [40] [41] [42] . Following its activation, EGFR recruits adaptor proteins and triggers signaling cascades, which are implicated in diverse pathophysiological events [43] . Activated EGFR undergoes rapid internalization from the cell surface, and the activity of EGFR kinase is sustained following endocytosis. Indeed, internalization is required for the full activation of some membranous signaling molecules, such as G protein-coupled receptors, nerve growth factor receptors, and Notch [43] . Of note, the ubiquitin conjugation of channels and membranous receptors, including EGFR, has emerged as a key regulatory mechanism of endocytosis, post-endocytotic sorting, and the turnover of membrane proteins [44] [45] [46] [47] [48] . Thus, the ubiquitination and subcellular trafficking of EGFR are tightly linked to its downstream signaling activity and to the events this signaling controls.
Based on the involvement of both PKC-α and EGFR during DKD and the well-established connection of PKC-α with EGFR in malignancy, here we evaluated whether PKC-α regulates the endocytosis of EGFR and the subsequent signal transduction in an ubiquitination-dependent manner during podocyte injury in diabetes. Using immunoprecipitation, biotinylation and MesNa treatment, we found that under HG conditions, PKC-α accumulates on the cell surface, which accounts for the subsequent ubiquitination and internalization of EGFR.
Accumulating evidence indicates that PKC can mediate membranous protein ubiquitination and affect its trafficking [49] [50] [51] [52] ; however, this matter remains disputed, potentially due to the different disease models, pathogenic factors and other elements that have been tested [53] [54] [55] . EGFR internalization has been shown to be controlled by both ubiquitin-dependent and ubiquitin-independent mechanisms [56] . Furthermore, the ubiquitination of EGFR plays different roles in its internalization and post-endocytic trafficking at least in a cell type-and pathogenic stimuli-dependent manner [57] . Here, by pretreatment with the PKC-α antagonist Gö6976, we revealed that in HG-stimulated podocytes, PKC-α triggers EGFR ubiquitination and its ensuing internalization from the cell surface.
Moreover, our data elucidated that the blocking of ubiquitin ligation by PYR-41 inhibits EGFR internalization and ERK phosphorylation and eventually prevents podocyte injury caused by hyperglycemia.
It is well known that ubiquitin-triggered EGFR internalization affects downstream signaling dynamics and consequently regulates cellular events. There is a well-described association between EGFR endocytosis and ERK phosphorylation in some cell lines. For example, Lazzara MJ and Vieira AV reported that the expression of a dominant negative form of dynamin (K44A) reduces EGFR internalization and markedly suppresses EGFRmediated ERK activation in lung cell lines and the immortal HeLa cervical cancer cell line [58, 59] . Consistent with these findings, our results illustrate that in podocyte cell lines, EGFR endocytosis is associated with the subsequent cascade of ERK activation in HG-treated podocyte.
The expression of the EGFR ligand and its receptor are increased in DKD [41, 42] . Chen J et al [60] recently revealed that in STZ-induced type 1 diabetes, podocyte-specific EGFR-knockout mice exhibit significantly reduced albuminuria and less podocyte depletion than their wild-type littermates. All of these observations suggest that the EGFR pathway is actively involved in the pathogenesis of DKD. Accordingly, our findings indicate that endocytosis of EGFR and activation of its associated downstream pathway contributes to podocyte damage during DKD, which is regulated by the PKC-α-mediated ubiquitination and trafficking of EGFR. Thus, blocking PKC-α-associated EGFR signal transduction is a promising intervention for the prevention of podocyte damage during DKD.
Our study has several limitations. First, our findings suggest PKC-α is involved in EGFR ubiquitination and internalization from the cell surface; however, we solely use the ubiquitinactivating enzyme E1 inhibitor to test the connection between ubiquitination of EGFR and impairment of podocytes. Mutation of ubiquitination sites of EGFR will be adopted in our future studies to illustrate a more accurate link among ubiquitination, endocytosis and podocyte injury. Second, the protein trafficking data were primarily obtained from cultured podocytes, and further in vivo evidence is required to verify these results. Third, the postendocytotic sorting of membranous proteins is crucial for downstream signaling activity, and further investigation into the intracellular trafficking of EGFR is required. Fourth, cytokines, kinases and growth factors comprise a sophisticated network, and PKC-α and EGFR are only two of the major components of this network of diverse mediators involved in DKD. Thus, we should interpret our findings cautiously and with a broad perspective. Lastly, the phenotype of damaged podocytes varies at different stages of DKD; thus, future studies need to analyze these processes at different time points to assess the role of PKC-α and EGFR during the entire course of DKD.
Taken together, our new findings suggest that enhanced membranous PKC-α contributes to EGFR ubiquitination, endocytosis, and ERK activation, which eventually lead to podocyte damage under hyperglycemic conditions. Despite its limitations, the current study advances our understanding of the pathogenesis of podocyte injury in diabetes and provides clues for exploring new strategies for the treatment of DKD.
